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Rotational temperature dependences of gas phase ion-molecule reactions

A. A. Viggiano,“ Robert A. Morris,” and John F. Paulson
Air Force Geophysics Laboratory, Ionospheric Interactions Branch, Hanscom Air Force Base,

Massachusetts 01731-5000
(Received 11 May 1988, accepted 11 July 1988)

A technique for measuring the rotational temperature dependences of gas phase ion-molecule
rate constants is presented. The technique involves measuring the kinetic energy dependences
of the rate constants at several temperatures in a variable temperature selected ion flow drift
tube. For a monatomic ion, comparing the rate constants at the same center of mass kinetic
energy at different temperatures yields the dependence of the rate constant on the internal
temperature of the reactant neutral. For neutrals in which the vibrational modes are inactive at
the temperatures of the experiment, the internal energy dependence is the rotational
temperature dependence. Two examples are presented here, one in which rotational energy
significantly influences the rate constants, approximately T~°*, and one in which it does not.
Implications for past drift tube experiments are discussed.

INTRODUCTION

Gas phase ion—molecule reactions have been extensively
studied and over 10 000 rate constants for these reactions
have been measured.' The work has included information on
how temperature, ion kinetic energy, and vibrational state
affect the reaction rate constant. However, little if any infor-
mation is available on the dependence of rates of reaction on
rotational energy. In fact, in discussions of the effects of in-
ternal energy on ion—-molecule reactions, rotational effects
are generally ignored? except in association reactions.>”
Likewise, little information is available on the effect of rota-
tional energy on the rates of neutral reactions.®

We present here a technique using a variable tempera-
ture flow drift tube to study the effect of rotational tempera-
ture of the reactant neutral on gas phase ion-molecule reac-
tions. This technique is useful only for reactions involving
monatomic ions and neutrals with vibrational energies in
excess of thermal energies. In the present paper we will dis-
cuss the technique and show two examples, one in which
rotational energy has little effect on the rate constant and
one in which the rate constant does change significantly.

EXPERIMENTAL

The measurements are made in a variable temperature
sclected ion flow drift tube (VT-SIFDT). An apparatus sim-
ilar to ours has been described in detail by Smith and Ad-
ams.” Briefly, ions are created in an external ion source, mass
selected, and injected into a flow tube through a Venturi
inlet. The ions are carried down the flow tube by a fast flow
of a buffer gas, usually helium. The flow tube is 1 m long, the
last 60 cm incorporating a drift tube consisting of 60 guard
rings. A potential is applied to the drift tube and distributed
uniformly over the rings through a series of resistors. This
allows the laboratory energy of the ions to be varied from
thermal to approximately 2 eV (in favorable cases). The
drift tube is terminated by a truncated nose cone with a 0.2

*) On contract to AFGL from Systems Integration Engineering Inc.
® Air Force Geophysics Scholar.
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mm hole through which the ions are sampled. The ions are
then mass analyzed by a quadrupole mass filter and detected
by a Channeltron electron multiplier.

Rate constants are measured by monitoring the de-
crease in the primary ion intensity upon addition of the reac-
tant neutral at one of several inlet positions in the drift tube.
This decay, together with the measurements of temperature,
pressure, and ion residence time, allow a determination of
the reaction rate constant.

The ion residence time, and therefore the ion velocity in
the drift region, is measured by pulsing two different drift
rings with a retarding pulse and measuring, with the mass
spectrometer, the arrival times of the perturbations in the
ion signal. Pulsing two rings reduces systematic errors re-
sulting from the pulsing method and also accounts for the
time spent in the analyzer region. The drift velocity of theion
is the velocity of the ion with the field on minus the velocity
of the ion with the field off. The latter quantity is the velocity
due to the flow of the carrier gas. Both the zero field velocity
and the drift velocity are measured during the course of a set
of experiments. The ion kinetic energy is calculated using the
Wannier expression® (see below) using this measured drift
velocity.

Temperature in the flow tube can be varied over the
range 85 to 550 K. This is accomplished by a series of heat
exchangers in contact with the tube. Liquid nitrogen or
cooled methanol is used for cooling and hot oil for heating.
The temperature uniformity as measured by six platinum
resistance thermometers along the tube is within 3%. The
laboratory ion kinetic energy can be varied from thermal
energy to approximately 2 eV.

RESULTS AND DISCUSSION

To interpret the results of a study of ion—-molecule rate
constants as a function of temperature and electric field, four
“energy distributions or temperatures must be known. The
four temperatures/energies are (1) the temperature of the
bath gas and thus of the reactant neutral, (2) the center of
mass kinstic energy between the ion and reactant neutral,
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(3) the rotational energy of the ion, and (4) the vibrational
energy of the ion.

The temperature of the bath gas controls the tempera-
ture of the reactant neutral and influences the ion energy
through the thermal term in the Wannier expression®

where m is the mass of the reactant ion, M, is the mass of the
buffer, and v, is the drift velocity. The ions have three sepa-
rate energy distributions, translational, rotational, and vi-
brational. It has been found? that the average translational
energy can be calculated from the drift velocity using the
Wannier expression.® It has been predicted® and confirmed
experimentally '’ that the rotational energy of the ion can be
represented by the center of mass kinetic energy of the ion
with respect to the bath gas. For an infinitely long drift tube
this equality is also true for vibrational energy.® However, in
practice the vibrational energy of the ion is usually lower
than predicted, especially in the commonly used buffer gas
helium.**-'?

The fact that there are four separate temperature/ener-
gy distributions in a drift tube makes analysis of the data
quite complicated. Nevertheless, there are abundant data on
the effect of vibrational energy in drift tubes. Qualitative
information has been derived by comparing rate constants
obtained in different buffer gases.'? This procedure is effec-
tive because more vibrational and rotational excitation of the
ion occurs in heavy buffers than in light buffers at the same
center of mass kinetic energy with respect to the reactants. In
these studies rotational excitation was either ignored or
deemed irrelevant. More recent studies'? involving other
techniques have resulted in quantitative information on
reactivity as a function of vibrational quanta.

The complicated situation in a drift tube is greatly sim-
plified when a monatomic ion is used. The electric field then
changes only the ion translational energy and therefore the
center of mass collision energy. The pure Kinetic energy de-
pendence of the reaction rate constant at a particular tem-
perature of the reactant neutral is then readily obtained. In-
terpretation of the results is still not straightforward since
only the mean relative energy is known and not the distribu-
tion function. The distribution at a particular mean energy
can vary significantly in different buffers, yiclding experi-
mental rate constants that depend on buffer as well as mean
kinetic energy.'s This is especially true for reactions that
depend strongly on the high energy tail of the distribution,
since it is this part of the distribution that is most affected by
a change of buffer.'*

Fortuitously, the distribution function in a helium
buffer is sufficiently close to Maxwellian that the kinetic en-
ergy dependence of the rate constants measured in a helium
buffer does not differ greatly from that which would be
found for a Maxwellian distribution.'>'®* For example, in
the reaction of Si* with Q,, a correction of less than 10% is
necessary to convert the rate constant measured in a drift
tube with a He buffer to that which would be found for a
Maxwellian distribution.'s This is the case even though the
rate constant varies by a factor of 30 (and is therefore very
sensitive to changes in the distribution function) over the

4849

energy range from thermal to.l eV at 300 K. For the reaction
of N* + NO, where there is only a slight energy depen-
dence, less than a 2% correction is needed.'” The energy
dependences in the present study are small, and therefore
one would expect small corrections to be needed.

The simple situation of a monatomic ion drifting in a He
buffer (no internal modes of the ion and an approximately
Maxwellian energy distribution ) leads to the interesting pos-
sibility of determining the dependence of the rate constant
upon the rotational temperature of the reactant neutral from
a measurement of the kinetic energy dependence of the rate
constant at several temperatures. This dependence upon ro-
tational temperature of the reactant neutral is obtained sim-
ply by comparing data at a particular kinetic energy at sever-
al different temperatures. This procedure assumes that the
vibrational modes of the neutral are sufficiently high in ener-
gy that they are not excited at the temperatures used in the
experiments. In cases where the vibrational modes are ac-
tive, the measured temperature dependence would reflect
the dependence on both rotational and vibrational energy.

Two contrasting examples are given below. Figure 1
shows the dependence of the rate constant upon kinetic ener-
gy for the reaction of O~ with N,O at several temperatures.
The rate constants at various temperatures fall on one curve
within experimental error. Only slight differences (<15%)
are seen at different temperatures indicating that this reac-
tion is not very sensitive to the internal energy of N,O. The
slight differences can either represent a small internal energy
dependence or may possibly be due to the small difference in
the velocity distributions that can be expected.

In contrast to the case given above, the rate constants for
the reaction of O~ with CH, show a significant dependence
on the rotational temperature of the CH,,. Figure 2 shows the
rate constants for this reaction plotted as a function of kinet-
ic energy at several temperatures. Unlike the case for the
O~ + N,O reaction, separate curves are required to repre-
sent the kinetic energy dependence at each temperature.

At the highest temperatures there is some vibrational
excitation of the N,O and CH, in these experiments. The
fraction of N,O molecules with vibrational excitation is 0.33,
0.12, and 0.03 at 450, 300, and 205 K, respectively.'® Most of
the excitation is in the degenerate bending modes. For CH,,
the fractions are 0.07 and 0.006 at 500 and 295 K., respective-
ly, and are negligibly small at lower temperatures.'® Only if
the fractional amount of vibrational excitation is on the or-

1w *
—~ 0" + NyO - NO" + NO
7. 20 O 205K
“E A 30K
A O 480K
| I
a? »
]
i GDA a° mn
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FIG. 1. Rate constants for the reaction of O~ + N,O vs center of mass
kinetic energy at several temperatures.
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FIG. 2. Rate constants for the reaction of O~ + CH , vs center of mass
kinetic energy at several temperatures.

der of or larger than the reaction efficiency can vibrational
excitation have a pronounced effect on the reaction rate.
Then the rate constant for the vibrationally excited popula-
tion can compete with that for the ground vibrational state.

The reaction of O~ with N,O proceeds at approximate-
ly 10%~25% of the collision rate. These values are on the
same order as the level of vibrational excitation at the higher
temperatures. The fact that the rate constant does not vary
with the temperature of the N,O then indicates that neither
rotational excitation nor the bending mode vibration affects
the rate constant significantly. There is, however, a slight
possibility that the two types of excitation could compensate
for each other.

For CH,, the reaction proceeds at 5%—15% of the colli-
sion rate. Except at 500 K, this is significantly higher than
the fraction of CH, that is vibrationally excited. Therefore,
the difference between the kinetic energy curves is due to
rotational effects except possibly at 500 K.

Comparing the rate constants for O~ + CH, at a partic-
ular kinetic energy at several temperatures yields the rota-
tional temperature dependence. Figure 3 shows such com-
parisons at 0.06 and 0.25 eV, the lowest and highest kinetic
energies for which there are data at all temperatures studied.
The temperature dependence of the rate constant for this

0" +CHy - OH +CHg
R A 008ev

k(0.06eV) = 2.10x10°9 * 7056 R2.0.085 \‘\

k(0.25eV) = 1.55x10-9 * 7040 R2 . 0,908

Rate Constant (cm3 o°1)
3
a

|
10 100 1000

Temperature of CH, (K)
FIG. 3. Rate constants for the reaction of O~ + CH, vs the temperature of
CH, at 0.06 and 0.25 eV.

reaction was found tobe 77~ > at 0.06 eV and 7~ %*° at 0.25
eV. The rate constants vary by a factor of 2.7 and 2.0 over the
temperature range 85 to 500 K at 0.06 and 0.25 eV, respec-
tively. These changes are considerably larger than what can
be attributed to the velocity distribution differences in a heli-
um buffer, which we expect to be less than 10%.'*'" The
fact that the data at 500 K are in line with the lower tempera-
ture data indicates that the 7% of the CH, that is vibration-
ally excited at this temperature does not strongly affect the
rate constant.

Figure 4 shows the rotational distributions of CH, at
four different temperatures. '® At the lowest temperature, 84
K, the distribution shows a peak at J equal to 3 with a peak
width of 3 levels at half-maximum. The 500 K distribution
has a broad peak at J equal to 6 and has a width of 9 J levels.
Combining these results with the data shown in Fig. 3 leads
to the conclusion that increasing the rotational energy level
decreases the rate constant for this reaction. The causes of
the rotational energy effect on the rate constants are current-
ly under investigation theoretically and will be discussed ina
later paper.

Similarly large rotational temperature dependences
have been found in our laboratory for other reactions, in-
cluding the reactions of F~ with CH,Br and CH, I, as well as
the reactions of O~ with CD, and CH,D,.? In the latter
cases, the magnitude of the rate constants and their depen-
dence on kinetic energy changes dramatically with isotope
substitution although the dependences on rotational tem-
perature do not. Of further interest is that the branching
ratio for the CH, D, reaction depends only on kinetic energy
and does not depend on the rotational energy (tempera-
ture). In all cases we have studied, rotational energy either
leaves the rate constant unchanged or causes it to decrease.
More complete discussions of these reactions are beyond the
scope of the present paper and will be given in future articles.

The significant rotational temperature dependences
found for the reactant neutral have consequences for the
interpretation of previous drift tube results. In the past, it has
been common practice to measure rate constants for reac-
tions of polyatomic ions as a function of kinetic energy in
several buffers and to attribute the differences in rate con-

Fractional Population

28

FIG. 4. Rotational energy level populations of CH, at several temperatures.
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stants to the differing degrees of ion vibrational excitation
that could be expected to occur in the two buffers.' It was
assumed that rotational energy of the reactant ion would
have a negligible effect on the rate constants. Since rotational
energy of the neutral sometimes appears to have a significant
effect on rate constants, it is reasonable to expect rotational
energy of the ions to be able to affect rate constants in the
same manner. Substantial effects of rotational energy have
recently been predicted theoretically for the reaction of
O;t + CH,.2! Effects of rotational energy have also been
discussed for the reactions of N* and NH;* with H,.?>-**

There are several examples of reactions in which the rate
constant changes at a particular ion-neutral center of mass
energy as the buffer is changed from He to Ar.'* This has
been interpreted as being due to the fact that there is more
ion vibrational excitation in Ar than in He. Substantial dif-
ferences in ion rotational temperatures are also expected in
various buffers.>'® Energy dependences are usually plotted
as rate constant vs center of mass kinetic energy of the reac-
tants. This can be misleading since the internal energies of
the ion are considerably different from the center of mass
kinetic energy between the two reactants. The rotational en-
ergy is given by the center of mass kinetic energy between the
ion and buffer.®*® The vibrational energy of the ion is less
than or equal to this value.”'"!? The internal energies at a
given center of mass kinetic energy with respect to the reac-
tants are then substantially different in Ar and He buffers.
Figure 5 shows the reactant ion rotational energy; i.e., the
center of mass kinetic energy with respect to the buffer, vs
reactant center of mass kinetic energy for O;* reacting with
CH, in Ar and He buffers. Large differences are seen. Both
center of mass kinetic energies with respect to the buffer
differ significantly from the reactant center of mass kinetic
energy and from each other. The ratio between the buffer
center of mass kinetic energies in Ar and He buffers, and
therefore the ratio of internal energies of O;' in these buffers,
approaches a factor of 5 at high energy.

The change in rate constant in different buffers is attri-
buted to the O;" having more vibrational excitation in an Ar
buffer than a He buffer. This has two causes. First, Ar is

10
Oy + CHy

s ! otagonel snergy in Ar bufter
(3 \

1 \

Rotstional snergy in He butter
01
o 1 1 10

Kinetic Energy Conter of Mase Reactants (sV)

FIG. . Rotationsl energy of O;' vs center of mass kinetic energy of the
reactants for Ar and He buffers.

more efficient at exciting ion.vibrations than is He at a par-
ticular center of mass kinetic energy with respect to the ion—
buffer collision. Secondly, at a particular reactant center of
mass kinetic energy, the Ar—ion collision energy is greater
than the He—-ion collision energy, and vibrational excitation
increases with increasing collision energy at the energies
available in drift tubes. Ion rotations are also more excited in
Ar than in He. In fact, as shown above, the rotational energy
difference can approach a factor of 5 for the O;' + CH,
reaction. Assuming the same energy dependence (E~%*) as
found in the O~ + CH, reaction, one would then expect the
rate constant to decrease by a factor of 2.2 in changing from
He to Ar buffer at high energies. What is observed instead is
an increase of an order of magnitude, If the rotational depen-
dence is appreciable this would mean that the difference due
to vibrational excitation is even larger than previously
thought. More complete discussions of the energy effects in
this reaction are given by Durup-Ferguson et al.'* and
Troe.?!

The results presented here do not negate the work that
has been done on the influence of vibration on reaction rate.
The effects due to rotation have so far been found to be small
or in some cases negligible. The effects seen by changing the
buffer are often dramatic.'’> The present work rather indi-
cates that the situation is more complicated than previously
thought. In fact, the vibrational contribution may be even
larger than indicated previously since vibrational excitation
usually seems to increase rate constants (but not always)
and rotational excitation seems to have little effect or to de-
crease them. Therefore, the influence of vibrational excita-
tion on a rate constant due to a change of buffer may be even
larger than previously thought (for those reactions in which
vibrational energy has been found to increase the rate con-
stant) after rotational effects are factored out. Newer tech-
niques alleviate this problem and directly measure depen-
dences on the vibrational level at a particular energy and
temperature.'*

In conclusion, a technique has been described to derive
the rotational temperature dependence of monatomic ion—
polyatomic molecule reactions. This assumes that the vibra-
tional modes of the reactant neutral are sufficiently high in
energy that they are not appreciably excited at 500 K. We
have found that in some cases rotational energy has a negligi-
ble effect on the rate constant and in others it decreases the
rate constant by a factor of about 77-%3, These are the first
measurements of the rotational energy dependence of an
ion—molecule reaction. The results bear on the derivation of
the effects of vibration on ion-molecule reactions by study-
ing a reaction in different buffers.

Note added in proof: The dependence of ion—-molecule
rate constants on rotational level has been discussed theoret-
ically by T. F. Magnera and P. Kebarle, in Jonic Processes in
the Gas Phase, edited by M. A. Almoster Ferreira (Reidel,
Boston, 1984), p. i35. Their results are in agreement with
the present experimental results.

ACKNOWLEDGMENTS

We would like to thank the referee for several informa-
tive comments. Research sponsored in part by the Air Force,

J. Chem. Phys., Vol. 89, No. 8, 15 October 1988

M



v e s

o e et

4852 Viggiano, Morris, and Paulson: Gas phase ion-molecule reactions

under Contract No. F19628-86-C-0224. The United States
Government is authorized to reproduce and distribute re-
prints for governmental purposes notwithstanding any
copyright notation hereon.

! A compilation of the rate constants for these reactions has been published.
Y. Ikezoe, S. Matsuoka, M. Takebe, and A. A. Viggiano, Gas Phase lon-
Molecule Reaction Rate Constants Through 1986 (Maruzen, Tokyo,
1987).

*W. Lindinger and D. Smith, Reactions of Smal! Transient Species: Kinetics
and Energetics, edited by A. Fontijn and M. A. A. Clyne (Academic, New
York, 1983), and references therein.

*A. A. Viggiano, J. Chem. Phys. 84, 244 (1986), and references therein.

“D. R. Bates, J. Chem. Phys. 81, 298 (1984), and references therein.

SE. Herbst, J. Chem. Phys, 82, 4017 (1982), and references therein.

K. J. Laidler, Chemical Kinetics, 3rd ed. (Harper and Row, New York,
1987).

'D. Smith and N. G. Adams, Adv. At. Mol. Phys. 23, 1 (1988).

5G. W. Wannier, Bell Syst. Tech. J. 32, 170 (1953).

L. A. Vichland, S. L. Lin, and E. A. Mason, Chem. Phys. 54, 341 (1981).

%M, A. Duncan, V. M. Bierbaum, G. B. Ellison, and S. R. Leone, J. Chem.
Phys. 79, 5448 (1983).

‘M. Kriegel, R. Richter, W. Lindinger, L. Barbier, and E. E. Ferguson, J.
Chem. Phys. 88, 213 (1988).

'“W. Federer, H. Ramler, H. Villinger, and W. Lindinger, Phys. Rev. Lett.
54, 540 (1985).

13See, for example, M. Durup-Ferguson, H. Bohringer, D. W. Fahey, and
E. E. Ferguson, J. Chem. Phys. 79, 265 (1983); E. Alge, H. Villinger, and
W. Lindinger, Plasma Chem. Plasma Proc. 1, 65 (1981); D. L. Albritton,
in Kinetics of Ion-Molecule Reactions, edited by P. Ausloos (Plenum,
New York, 1979), and references therein.

14See, for example, M. Durup-Ferguson, H. Bohringer, D. W. Fahey, F. C.
Fehsenfeld, and E. E. Ferguson, J. Chem. Phys. 81, 2657 (1984); T.
Ebata, W. E. Conaway, and R. N. Zare, Int. J. Mass Spectrom. Ion Pro-
cesses 80, 51 (1987); T. Turner and Y. T. Lee, J. Chem. Phys. 81, 5638
(1984).

3P, L. Albritton, I. Dotan, W. Lindinger, M. McFarland, J. Tellinghuisen,
and F. C. Fehsenfeld, J. Chem. Phys. 66, 410 (1977).

D, W. Fahey, F. C. Fehsenfeld, E. E. Ferguson, and L. A. Vichland, J.
Chem. Phys. 75, 669 (1981).

7D, W. Fahey, 1. Dotan, F. C. Fehsenfeld, D. L. Albritton, and L. A. Vieh-
land, J. Chem. Phys. 74, 3320 (1981).

'R. A. Dressler, H. Meyer, A. O. Langford, V. M. Bierbaum, and S. R.
Leone, J. Chem. Phys. 87, 5578 (1987).

'The results were derived using the vibrational and rotational frequencies
given in G. Herzberg, Molecular Spectra and Molecular Structure I11.
Electronic Spectra and Electronic Structure of Polyatomic Molecules (Van
Nostrand Reinhold, New York, 1966).

204, A. Viggiano, R. A. Morris, J. F. Paulson, and T. Su (unpublished re-
sults).

213, Troe, Int. J. Mass Spectrom. Ion Processes 80, 17 (1987).

2N, G. Adams and D. Smith, Chem. Phys. Lett. 117, 67 (1985).

2], B. Marquette, B. R. Rowe, G. Dupeyrat, and E. Rouef, Astron.
Atrophys. 147, 115 (1985).

g E. Barlow, J. A. Luine, and G. H. Dunn, Int. J. Mass Spectrom. Ion
Processes 74, 97 (1986).

. Accesio.n For

UNTIS CResl g B
, OTIC TAH 0}

Unanng.aa- - ! T
Justific

J. Chem. Phys., Vol. 89, No. 8, 15 October 1988




